Lipid class, fatty acid and POP levels were measured in migrating Atlantic bluefin tuna (ABT) tissues caught off the Barbate coast, Spain. Tissue lipids were largely characterized by triacylglycerol, reflecting large energy reserves accumulated prior to reproductive migration. Fatty acid compositions of muscle, liver and adipose exhibited similar profiles, whereas gonads showed a higher affinity for docosahexaenoic acid. Tissue POP concentrations correlated positively with percentage triacylglycerol and negatively with polar lipids. Highest POP concentrations were in adipose and lowest in gonads, reflecting lipid content. DL-PCBs contributed most to total PCDD/F+DL-PCB levels, with mono-ortho concentrations higher in tissues, whereas non-ortho PCBs contributed greater WHO-TEQs due to differences in TEFs. PBDE47 was the most prominent BDE congener in tissues, probably through biotransformation of BDE99 and other higher brominated congeners. The perceived POP risk from ABT consumption should be balanced by the well-established beneficial effects on human health of omega-3 fatty acids.
Introduction
Lipids are an integral nutrient of marine ecosystems with structural and energy storage roles (Sargent et al., 1989) . However, persistent organic pollutants (POPs) including dioxins [polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs)], dioxin-like polychlorinated biphenyls (DL-PCBs) and polybrominated diphenyl ethers (PBDEs) have a high affinity for lipids. These ubiquitous environmental contaminants partition between the storage (neutral) and structural (polar) lipid compartments of aquatic organisms where they are deposited, and subsequently have the potential to accumulate through the food chain (Elskus et al., 2005) . Several physiological mechanisms, such as lipid mobilisation during starvation periods, may affect POP tissue concentrations as the trophic transfer of POPs and lipids may follow similar pathways (Kainz et al., 2009 ).
Fish, like other animals, store energy primarily in the form of triacylglycerols (TAG) in tissues such as muscle, liver and mesenteric adipose tissue (Ackman, 1980) . Lipid, and thus TAG levels within fish tissues varies according to nutritional state based upon age, sex and developmental or reproductive status. Seasonal variations in fish lipid levels are generally related to the reproductive cycle and, prior to sexual maturation, large lipid deposits are accumulated and subsequently mobilized to support gonadal development and spawning migration (Bell, 1998) .
The Atlantic bluefin tuna (ABT; Thunnus thynnus) is an important ecological, recreational and commercial species within the Atlantic and Mediterranean ecosystems (Fromentin and Powers, 2005; Rodríguez-Roda, 1964) . The ABT fishery has become highly profitable with the sushi-sashimi markets of Japan increasing demand for high quality fish, stimulating high market prices that have led to increased regulated and unregulated fishing (Fromentin and Powers, 2005) . From late-April to mid-June, ABT pass through the Strait of Gibraltar on their way to spawning grounds located around the Balearic Islands and Tyrrhenian Sea (Medina et al. 2002; Mourente et al., 2002; Rodríguez-Roda, 1964) . Local fishermen take advantage of this migration by using traditional tuna traps (almadraba) off the southwest coast of Spain.
From an ecotoxicological viewpoint, ABT are of interest since they can accumulate lipophilic POPs due to their high trophic position, long lifespan and continuous migratory habits (Corsolini et al., 2005) . Furthermore, fish consumption is a source of human exposure to environmental contaminants including POPs (Sidhu, 2003; Storelli et al., 2003) , as well as being the main source of the highly beneficial omega-3 (n-3) long-chain polyunsaturated fatty acids (LC-PUFA), eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), which have important roles in human health, including promoting cardiovascular health and protecting against neurological and inflammatory conditions (Calder and Yaqoob, 2009; Dewailly et al., 2001) . Although POP levels in Mediterranean ABT have been reported Corsolini et al., 1995 Corsolini et al., , 2005 Corsolini et al., , 2007 Di Bella et al., 2006; Kannan et al., 2002; Pena-Abaurrea, 2009; Porte and Albaigés, 1993; Stefanelli et al., 2002; Storelli et al., 2008; Vizzini et al., 2010) , different POPs and congener profiles were analysed which often result in data between studies not being directly comparable.
However, in most cases the more toxic congeners, i.e. those assigned toxic equivalency factors (TEF) underscored by the World Health Organisation (WHO) based on relative toxicity to 2,3,7,8-TCDD (Van den Berg et al., 1998) , were determined. Through TEF inclusion the concentrations of less toxic compounds can be weighted to 2,3,7,8-TCDD and expressed as toxic equivalents (TEQ), subsequently used in risk assessment and regulatory control.
The present study examined POP levels, total lipid contents, lipid class and fatty acid compositions in tissues of ABT caught in traditional tuna traps during spawning migration.
The risk-benefit associated with POP and n-3 LC-PUFA intake from ABT consumption is discussed.
Materials and Methods

Sample collection
Wild ABT were caught using traditional tuna traps (Almadraba) off the Barbate coast (Cádiz, Spain) during May 2006. Six randomly selected individuals (2 male, 4 female), weighing between 180-310 kg with lengths of 211-254 cm, were dissected and samples of muscle (skinned and deboned), liver, gonad and adipose tissue removed for analysis.
Samples were wrapped in aluminium foil and stored at -70 o C until analysis. Fish age was estimated according to Rodríguez-Roda (1964) . Fish condition (K) was calculated using Fulton's coefficient K=(W/L) 3 ×100 (Ricker, 1979) , where W is wet weight (g) and L total length (cm). These fish were representative of maturing ABT broodstock migrating to Mediterranean spawning grounds according to age and length data (Corriero et al. 2005; Medina et al. 2002) , and histological data from previous studies using the same sample site showing fish of non-spawning mature status (Abascal et al. 2004; Medina et al. 2002; Mourente et al. 2002) . Individual sample analysis was performed for lipid content, class and fatty acid composition, whereas samples of similar lipid contents from same sexed fish were pooled and analysed for POPs (see Table 1 ).
Solvents and chemicals
Solvents were HPLC or Pesticide grade and 95-97% sulphuric acid of analytical reagent grade (Fisher Scientific, Loughborough, UK). Concentrated sulphuric acid (Aristar ® , sp. gr.
1.84) was purchased from BDH (Poole, UK). Anhydrous sodium sulphate and nonane puriss p.a. standard for GC were obtained from Sigma-Aldrich (Poole, UK). Nanopure water was collected from a Milli-Q ultrapure purification system (0.22 µm; Millipore, UK).
Hydromatrix (Varian Inc., USA) was used after heating overnight at 400 o C in a muffle furnace. (Christie, 1993) . FAME were extracted and purified as described previously (Tocher and Harvie, 1988) and separated and quantified by GC using a FAME were identified by comparison to known standards (Supelco™ 37-FAME mix;
Sigma-Aldrich Ltd., Poole, UK) and published data (Tocher and Harvie, 1988 
POP extraction and clean-up
Homogenates of 25-50 g wet weight tissue were freeze-dried (12 h minimum) prior to accelerated solvent extraction (ASE™100; Dionex, Camberley, UK). Freeze-dried tissue was mixed with hydromatrix, transferred to an ASE cell and 5 ng.ml -1 PBDE119 and 2 ng.ml -1 13 C-labelled PCDD/F and PCB internal standards added. Samples were extracted by ASE for 20 min x 2 cycles with isohexane under pressure (1500 psi) and temperature (125 o C). The 120 ml extracts were mixed with 95-97% sulphuric acid in separation funnels and left for 72 h. The separated solvent layer was rinsed with nanopure water and dried by passing through anhydrous sodium sulphate.
Further clean-up and fractionation of analytes was performed using the automated Power-Prep™ system (Fluid Management Systems, USA). Extracts were loaded for lipid removal and isolation of interfering compounds following conditioning of the disposable column series, consisting of multi-layered silica (4 g acid, 2 g base, 1.5 g neutral), basic alumina (8 g) and carbon (2 g). A high capacity silica column (28 g acid, 16 g base, 6 g neutral) was used for high lipid samples. Total run time was 150 min followed by a 40 min decontamination programme. The mono-ortho PCB and PBDE fraction (F1) was eluted in 120 ml isohexane/dichloromethane (1:1 v/v) and the PCDD/F and non-ortho PCB fraction (F2) in 120 ml toluene. Fractions underwent further clean up with F1 transferred to silanized vials containing 150 µl nonane as keeper and evaporated to 500 or 100 µl prior to analysis for PBDE and mono-ortho PCBs respectively, and F2 transferred to conical GC autosampler vials containing 10 µl of nonane as keeper and evaporated to 50 or 10 µl prior to analysis for non-ortho PCB and PCDD/F respectively. Protection Agency isotopic dilution methods (EPA, 1994 (EPA, , 1999 
Instrumental analysis
Results and Discussion
Lipid content, class and total lipid fatty acid composition
Adipose tissue presented the highest lipid content (73%), followed by liver, muscle, testes and ovary (Table 2) . Total polar lipids, predominantly phosphatidylcholine and phosphatidylethanolamine, ranged from 7% in adipose to 36% in testes, with intermediate levels of about 21% in muscle, liver and ovary, but TAG predominated in the tissues of migrating ABT. Adipose tissue showed the highest TAG proportion (89%), followed by muscle, liver and gonads. Tissue TAG levels were similar to those reported in early maturational stages (I and II) of migrating female ABT sampled from the Straits of Gibraltar (Mourente et al., 2002) and Messina (Salvo et al., 1998) . Tuna entering spawning grounds through the Strait of Gibraltar often arrive with empty stomachs (Rodríguez-Roda, 1964), relying upon accumulated lipid stores (TAG) to fuel gonadal development and spawning migration. Wax/steryl esters (WE/SE) were not detected in muscle and adipose tissue and were minor components in liver and testes but, in ovaries, they comprised almost 27% of total lipid, similar to other marine fish species from temperate waters (Bell, 1998) . It is unclear why marine fish store both TAG and WE/SE in the ovaries although it is suggested they may provide metabolic energy and components for biomembrane formation during ABT embryogenesis (Mourente et al., 2002) .
Although fatty acid compositions have been studied in numerous marine fish species,
there is surprisingly few data on ABT tissues. The most abundant fatty acids in muscle lipid were oleic (18:1n-9) and palmitic (16:0), accounting for 28% and 21% of total fatty acids, respectively, with the major PUFA being the n-3 LC-PUFA, DHA (12%) and EPA (5%) ( Table 2 ). Fatty acid compositions of liver and adipose closely resembled that of muscle.
Similar profiles were reported in both ABT muscle (Mourente et al., 2002; Salvo et al., 1998; Popovic et al., 2012) and liver (Mourente et al., 2002) , regardless of capture site. Fatty acids such as 16:0 and 18:1n-9, together with 20:1n-9 and 22:1n-11 are presumed major sources of metabolic energy in fish, being catabolized during growth and gonad formation (Sargent et al., 1989) . In contrast, fatty acid compositions of gonads were largely characterized by 16:0, 18:1n-9 and DHA in equal portions of 20-25% (Table 2) . This significant accumulation of PUFA, particularly DHA, in gonads relative to other tissues is considered important in fish for physiological functions including sperm motility and function (Jeong et al., 2002) and biomembrane formation during embryonic and larval development (Sargent et al., 1989 (Sargent et al., , 2002 . In general, n-3 PUFA are important for somatic growth of marine fish with DHA the most highly retained PUFA in a variety of species (Sargent et al., 2002) . Tuna tissues consistently contain relatively high levels of DHA resulting in high DHA:EPA ratios (Mourente et al., 2002; Mourente and Tocher, 2009 ). In the present study, DHA:EPA ratios were significantly greater in gonads (approx. 4:1) compared to around 2.5:1 in other tissues, further highlighting the importance of DHA in gonad production. As with other marine fish, tuna have very limited capability for biosynthesis of LC-PUFA suggesting that the high proportion of DHA represents selective accumulation and retention of dietary DHA (Mourente et al., 2002) .
Concentrations, TEQs and congener profiles of PCDD/Fs and DL-PCBs
Mean ∑PCDD/F levels on a wet weight basis (ww) were 0.83 pg. et al., 2005) . In the present study, ovary POP levels may be lower than expected considering that lipid redistribution to gonads can be dramatic in sexually maturing fish. Histological analyses of female ABT captured at the same site in previous years showed they were sexually mature, albeit of non-spawning status (Medina et al., 2002) . In the earlier study, the gonadal-somatic index and number of highlyyolked (high lipid) oocytes were greater in ABT caught around spawning grounds, suggesting that the incipient stage of maturation occurs at the Strait of Gibraltar, later than in the present study. Conversely, relatively few POPs are redistributed to testes in any fish species (Elskus et al., 2005) . The higher proportion of polar lipids in the testes compared with other tissues explains the lower POP levels since polar lipids have a lower sequestering affinity for POPs.
Chain length and unsaturation of fatty acids in lipids can also influence the solubility and bioavailability of ingested PCBs (Elskus et al., 2005) , and so similar correlations between individual fatty acids in total lipid and POPs were carried out in the present study. The DL-PCBs were the most abundant of the PCDD/F and DL-PCB groups with monoortho PCBs representing greater than 99% of total concentration levels in all tissues (Table   3 ). Of these, PCB118 accounted for around 60-65%, PCB105 17-23% and PCB156 5-9% of total measured levels. Mid-chlorinated, penta-through hepta-CBs, have been reported to be the dominant PCBs in tuna tissues (Corsolini et al., 1995 (Corsolini et al., , 2005 (Corsolini et al., , 2007 Gómara et al., 2005; Kannan et al., 2002; Phua et al., 2008; Storelli et al., 2008; Ueno et al., 2005; Vizzini et al., 2010) . Their predominance is due to their stability, as PCB biotransformation is largely dependent upon the degree of chlorination and chlorine position on the biphenyl ring. In PCB188, chlorine atoms in the 2,4,5-positions in one or both rings are particularly resistant to metabolic degradation by cytochrome P450 isoenzymes (Storelli et al., 2008) . Non-ortho PCBs represented less than 0.9%, in rank order PCB77>PCB126>PCB169>PCB81.
Increased prevalence of PCB77 compared to PCB126 and PCB 169 was reported in skipjack tuna (Katsuwonus pelamis) muscle with a shift towards the northern hemisphere, indicating preferential deposition and accumulation of this congener at higher latitudes (Ueno et al.,
2005).
The most prominent PCDD/F congener in all tissues was 2,3,7,8-TCDF, although this represented less than 0.01% of total PCDD/F+DL-PCB levels (Table 3 ). This was followed by 1, 2, 3, 7, 8, 3, 4, 7, 2, 3, 4, 7, 2, 3, 7, DL-PCBs also decreased over the same timescale, but not to the same extent as PCDD/Fs.
The DL-PCBs contributed 92-94% of total PCDD/F+DL-PCB TEQ levels in ABT tissues, with non-ortho PCBs contributing more (62-67%) than mono-ortho PCBs (26-30%) (Table 3 ). This was largely credited to PCB126 that, whilst amounting to minor concentration levels (0.3-0.4%), presented the largest TEQ concentration (61-65%) owing to its higher TEF value. Additionally, both mono-ortho PCB118 and PCB156 made significant contributions to total TEQ levels (11-15% and 6-9%, respectively), weighted largely by their high concentration levels. The DL-PCB TEQ contribution presented here is greater than the 76% reported in farmed Southern bluefin tuna (SBT), T. maccoyii (Phua et al., 2008) , but similar to tuna found in Spanish markets (Gómara et al., 2005) . However, there is clear evidence that PCB concentrations in marine surface waters in the northern hemisphere are much higher than southern hemisphere levels (Fowler et al., 1990) . Stefanelli et al., 2002) , western Mediterranean coast (Porte and Albaigés, 1993) , as well as tuna from Spanish commercial markets (Gómara et al., 2005) and farmed SBT (Padula et al., 2008; Phua et al., 2008) , but are higher than found in wild SBT (Phua et al., 2008) (Table 5) .
Additionally, PCDD/F levels were similar to those previously reported in the muscle of skipjack tuna collected from offshore waters and open seas worldwide, although DL-PCB concentrations were higher (Ueno et al., 2005) . However, data between studies are often difficult to compare due to various factors including size and age of fish sampled, although differences in the number and types of congeners examined is usually the most influential.
Concentrations and congener profiles of PBDEs
All measured congeners, except BDE183 found only in adipose, were detected in all tissues. Mean ΣBDE tissue concentrations were 0.8 and 1.9 ng.g -1 ww in testes and ovary respectively, 3.9 ng.g -1 ww in muscle, 5.5 ng.g -1 ww in liver, and 10.8 ng.g -1 ww in adipose tissue ( (Table 7) . However, 23 BDE congeners were analyzed in the latter study (compared to 9 in the present study), Table   7 ).
The most abundant PBDE congeners in ABT tissues were BDE47 and BDE100, accounting for 50% and 15% respectively of the total congeners measured (Table 6 ). These were generally followed in order by BDE154 (8-11%) >BDE49 (6-8%) >BDE66 (6-7%)
>BDE28 ( Large differences in ratios have been noted amongst a variety of fish species (Wan et al., 2008) . Moreover, a significant decrease in BDE99:100 ratio with an increase in trophic level has been observed (Voorspoels et al., 2003; Wan et al., 2008) . The same study found that the BDE99:BDE47 ratio also decreased with an increase in trophic level, resulting in high BDE47 concentration levels as BDE 99 is biotransformed whilst simultaneously increasing the dominance of BDE100 over BDE99. The high BDE47 levels and low BDE99:BDE100 ratios in ABT are therefore consistent with its high trophic level.
Health benefit-risk association of tuna consumption
Fish consumption is an important source of the marine n-3 LC-PUFA, EPA and DHA, which are known to benefit human health (Calder and Yaqoob, 2009; Dewailly et al., 2001 ).
The International Society for the Study of Fatty Acids and Lipids (ISSFAL) currently
recommend a weekly intake of 3.5 g EPA+DHA for optimal cardiac health in adults (ISSFAL, 2004) . Nevertheless, oily fish are also a major dietary exposure route for human POP intake (Sidhu, 2003; Storelli et al., 2003) . Consequently, the European Scientific Committee on Food (SCF) have set a tolerable weekly intake level (TWI), the weekly dose to which humans can be exposed without harm, of 14 pgWHO-TEQ.kg -1 body wt. for PCDD/F+DL-PCBs (SCF, 2001), equivalent to 980 pgWHO-TEQ.kg -1 for an adult of 70kg.
From the present study, a typical 130 g portion based on EFSA guidelines (EFSA, 2005) would mean ABT muscle contributing 1.22 g EPA+DHA and 310.7 pgWHO-TEQ PCDD/F+DL-PCB intake, or 34.9% and 31.7% of the weekly intake for a 70 kg adult ( Additionally, tuna roe is also popular in the Mediterranean diet, thus 130 g portions would provide 1.04 (29.7%) and 0.62 g (17.7%) EPA+DHA and 154.7 (15.8%) and 70.2 (7.2%) pgWHO-TEQ PCDD/F+DL-PCB intake for ovaries and testes, respectively. The importance of identifying and labelling fish products in terms of risk and benefits, together with region of origin, has been suggested in order to allow consumer based choices and avoid unnecessary exposure to highly contaminated fish (Shaw et al., 2006 Although unlikely that all fish would be of ABT origin, ABT is estimated to contribute 67% of the total TEQ intake (Bocio et al., 2007 Dewailly, E., Blanchet, C., Gingras, S., Lemieux, S., Sauvé, L., Bergeron, J., Holub, B.J.,
2001
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